This paper describes several interesting excitation phenomena occurring in a microwave-induced plasma (MIP) excited with Okamoto-cavity, especially when a small amount of oxygen was mixed with nitrogen matrix in the composition of the plasma gas. An ion-to-atom ratio of iron, which was estimated from the intensity ratio of ion to atomic lines having almost the same excitation energy, was reduced by adding oxygen gas to the nitrogen MIP, eventually contributing to an enhancement in the emission intensities of the atomic lines. Furthermore, Boltzmann plots for iron atomic lines were observed in a wide range of the excitation energy from 3.4 to 6.9 eV, indicating that plots of the atomic lines having lower excitation energies (3.4 to 4.8 eV) were well fitted on a straight line while those having more than 5.5 eV deviated upwards from the linear relationship. This overpopulation would result from any other excitation process in addition to the thermal excitation that principally determines the Boltzmann distribution. A Penning-type collision with excited species of nitrogen molecules probably explains this additional excitation mechanism, in which the resulting iron ions recombine with captured electrons, followed by cascade de-excitations between closely-spaced excited levels just below the ionization limit. As a result, these high-lying levels might be more populated than the low-lying levels of iron atom. The ionization of iron would be caused less actively in the nitrogen-oxygen plasma than in a pure nitrogen plasma, because excited species of nitrogen molecule, which can provide the ionization energy in a collision with iron atom, are consumed through collisions with oxygen molecules to cause their dissociation. It was also observed that the overpopulation occurred to a lesser extent when oxygen gas was added to the nitrogen plasma. The reason for this was also attributed to decreased number density of the excited nitrogen species due to collisions with oxygen molecule.
Introduction
In optical emission spectrometry (OES), it is an attractive research topic to develop an excitation source having better analytical performance as an alternative to radio-frequency inductively-coupled plasma (ICP). Whereas arc, spark, and glow discharge plasmas, including laser-induced plasma, are generally employed in OES for solid samples, microwaveinduced plasma (MIP) can be acceptable for the analysis of liquid samples; 1 therefore, the quantification can be conducted using a set of standard solutions, as a similar procedure in ICP. Several excitation sources for MIP, such as a Beenakker cavity 2 and a Surfatron, 3 have been applied in OES; in fact, the actual application appears only in a particular field such as a detector for gas chromatography. 1 The major reason for this is that these conventional MIPs have a limited tolerance to aqueous aerosol solution, because it is fairly difficult for these conventional MIPs to be loaded with microwave power high enough to cause desolventizing of the sample solution. This drawback has led to poor applicability of MIP to the analytical applications, while ICP has been now employed extensively in OES.
In 1991, Okamoto developed a mode transformer to conduct microwave power to atmospheric gas (Okamoto-cavity), 4 which had a unique feature for OES beyond the conventional MIPs. It has an ability to generate a traveling surface-wave along the cylindrical conductors to concentrate the electric field at the external portion of a gas flow, which produces a gaseous plasma having a hotter surrounding zone like a doughnut so that sample aerosol can be directly introduced into the plasma through a central tube of the plasma torch, 4 ,5 similar to ICP. Because the Okamoto-cavity can work at high powers up to 1.5 kW, this plasma source is highly tolerant to loading of wet aerosols. 5 The MIP-OES using the Okamoto-cavity also has several features not to be obtained in a conventional ICP-OES. The Okamoto-cavity MIP can be firmly maintained with various gases, such as nitrogen, nitrogen-oxygen, and helium, each of which can be available for the analytical application in OES. [6] [7] [8] [9] [10] [11] The characteristics of the Okamoto-cavity MIP using nitrogenoxygen mixed gas are especially interesting for the analytical application, where the intensities of particular emission lines are largely elevated when oxygen of up to 20% is added to the nitrogen plasma. 11 My previous investigation on the determination of chromium in steel materials has indicated that several emission lines of chromium, having excitation energies of approximately 3.0 eV, give better detection limits in the mixed gas MIP-OES than the corresponding result in conventional ICP-OES. 12 In Okamoto-cavity MIPs with nitrogen-oxygen mixed gas, band heads of nitrogen molecule as well as the molecule ion are largely changed to decrease their emission intensities, meaning that their number densities become reduced by adding oxygen to the nitrogen plasma. 12, 13 This observation provides an important key for considering the excitation mechanism, which has been also suggested in my previous works; 12,13 excited species of nitrogen molecule would be predominantly quenched through collisions with oxygen molecules to cause their dissociation, which restricts competitive collisions with the nitrogen excited species to cause Penning-type ionization of analyte atoms and eventually changes their number densities in the plasma. In this paper, a spectrochemical analysis on the Boltzmann plot of iron atomic emission lines is described when pure nitrogen and nitrogen-oxygen mixed gas are employed in the MIP, suggesting an excitation mechanism in which excited levels of iron atom are not fully distributed in local thermodynamic equilibrium but are affected by non-thermal excitations.
Experimental
The apparatus and the principle of operation have been described in detail by Okamoto, 4 and a schematic diagram of the apparatus is also explained in several articles. 12, 14 A mode transformer (Okamoto-cavity), 4 consisting of an inner conductor and an outer cylindrical conductor terminated by a front plate, was employed to conduct microwave power to surrounding gas being in a plasma state. The microwave power, which was generated with a high-voltage power supply (KN-153-3T-LR-PS, Nippon Koushuha Ltd., Japan) and a 2.45-GHz microwave generator (MKN-153-LA-OSC, Nippon Koushuha Ltd., Japan), was loaded to the Okamoto-cavity through a wave guide equipped with a three-stub tuner. The reflected power is minimized by adjusting the tuner, and then a traveling surface wave of the loaded microwave can be generated at the gap between the inner and outer conductors so that the electric field can be the maximum to couple with the plasma gas most effectively. The resulting plasma has an annular shape like ICP. A plasma torch (300-8352, Hitachi Corp., Japan) comprises two coaxial quartz tubes enabling each individual gas flow; one is a tangentially-introduced gas flow as the plasma gas through the outer tube and the other is introduced through the central inner tube to carry sample aerosol to the plasma. In this study, pure nitrogen or nitrogen-oxygen mixed gas was employed as the plasma gas under the conditions that the flow rate of nitrogen was fixed at 14.0 dm 3 /min and that of the oxygen was varied in a range of 0 -1.5 dm 3 /min, and pure argon of 0.5 dm 3 /min was introduced as the carrier gas. The forward power of the microwave was adjusted in the range of 0.95 -1.25 kW. The observation height was fixed at a plasma position of 20 mm above the front plate of the cavity.
The emission signal was observed in the radial direction of the plasma, when focusing on the central channel. It was collected with a biconvex lens on the entrance slit of a scanning spectrometer (P-5200, Hitachi Corp., Japan), comprising a modified Czerny-Turner mounting monochromator and a photomultiplier tube (R955, Hamamatsu Photonics Corp., Japan), and then dispersed to estimate the averaged intensity of a particular emission line over triplicate measurements. The focal length is 0.75 m and the grating has 3600 grooves/mm at a blaze wavelength of 200 nm, yielding a reciprocal linear dispersion of 0.29 nm/mm.
A stock solution of iron (10 g/dm 3 ) was prepared by dissolving a high-purity iron metal (99.98%) with 6-M/dm 3 hydrochloric acid. Test solutions for estimating the emission characteristics, having an iron concentration of 1.0 g/dm 3 , were prepared by diluting the stock solution with de-ionized water.
Subtraction of the background level for estimating the emission intensity was carried out by using each blank spectrum, which was measured by aspirating de-ionized water instead of the sample solution of iron.
Results and Discussion

Effect of oxygen addition to the nitrogen MIP on the intensities of atomic and ionic iron lines
My previous works have reported that atomic emission lines of several elements, such as chromium and manganese, are generally enhanced when small amounts of oxygen are added to the Okamoto-cavity MIP with nitrogen plasma gas, while the intensities of their ionic lines are reduced drastically. [10] [11] [12] [13] Also in the case of iron, similar changes were observed in the emission intensities of the atomic and ionic lines.
10 Figure 1 shows variations in the emission intensities of several atomic and ionic lines of iron, whose excitation energies are almost the same, when oxygen gas is added to a nitrogen Okamoto-cavity MIP. In this measurement, the flow rate of nitrogen gas and the forward power of microwave were fixed at 14.0 dm 3 /min and 1.02 kW, respectively, and the emission signal was observed at a plasma position of 20 mm above the front plate of the cavity. The intensities of the atomic lines (Fe I) were elevated with increasing the flow rate of oxygen added, whereas those of the ionic lines (Fe II) decreased considerably. As summarized in Table 1 , the Fe I lines are assigned to the 3d 7 4p -3d 7 4s transition having excitation energies of 4.73 -4.79 eV and the Fe II lines to the 3d 6 4p -3d 6 4s transition having excitation energies of 4.79 -4.83 eV. 15 In the Boltzmann relationship, various energy levels of an element are populated as a function of their excitation energies as well as the characteristic temperature of a plasma state where they are excited; 16 therefore, the intensities of emission lines emanated from the plasma, which are primarily determined by their transition probabilities, are also dependent on these parameters. If two emission lines originated from upper energy levels having similar excitation energies are measured for a plasma diagnosis, their emission intensities would vary in a similar manner even if the plasma conditions change in various ways, and thus the intensity ratio of these emission lines should have a certain constant value independent of the characteristic temperature of the plasma. This concept can be applied to estimate a ratio in the number density of ionic to atomic states in an element; if one measures a pair of ionic and atomic lines having almost the same excitation energy in a particular element, the intensity ratio would be directly proportional to an ion-to-atom ratio in the plasma. The intensity data in Fig. 1 can be employed for an estimation of the ion-toatom ratio of iron, because their excitation energies are almost the same. Figure 2 shows variations in intensity ratios of several emission lines of iron, having an excitation energy of approximately 4.8 eV, as a function of the oxygen flow rate added. The plasma parameters and the measuring conditions were the same as those in Fig. 1 . As also shown in Fig. 2 , an intensity ratio of atomic to atomic lines: Fe I 382.778/ Fe I 381.582 nm, was almost independent of the oxygen addition; however, the intensity ratios of the Fe II lines to the Fe I 381.582-nm are largely lowered by adding oxygen gas to the nitrogen plasma; in fact, the intensity ratios at an oxygen flow rate of 1.5 dm 3 /min become smaller than those in the pure nitrogen plasma by a factor of around 0.15. It thus means that the addition of oxygen would cause the ion-to-atom ratio to decrease so that 85% of the ion states may return to the neutral atoms: Fe + + e -→ Fe. The ionization of iron would be hindered by the coexistence of oxygen species in the plasma, thus to increase the number density of iron neutral atoms.
A feasible excitation mechanism would be suggested to explain the reason why the ion-to-atom ratio of iron changes to increase the number density of the neutral atom in the nitrogenoxygen MIP. 12, 13 Various collisions with electrons as well as nitrogen excited species, enabling iron atoms to be ionized, frequently occur in the plasma; collisions with a fast electron or a nitrogen molecule having large kinetic energy, as depicted in Eqs. (1) and (2), and collisions with excited species of a nitrogen molecule (having internal energy), as depicted in Eqs. (3) and (4),
Fe + N2* → (Fe
Fe + N2 + → (Fe + )* + N2,
where the asterisk denotes an excited state of an iron ion or a nitrogen molecule. The former reaction, called a collision of the first kind, 17 is caused by transfer of the kinetic energy of the electron or the nitrogen molecule, and the latter reaction, called a collision of the second kind, 17 by transfer of the internal energy of the excited species of nitrogen molecule. These collisions lead to an increase in the number density of singlyionized iron. The excited states of the iron ion would emit their internal energies through various de-excitation channels; for instance, they fall down to the ground state while emitting the characteristic radiation. Figure 3 illustrates a simplified energy level diagram of molecular nitrogen, together with the dissociation energy of molecular oxygen and the first ionization energy of iron. The ground electronic configuration of molecular nitrogen is the X 1 Σg state accompanying many vibrational levels. 18 Three excited configurations having triplet multiplicity, the A 3 Σu, the B 3 Πg, and the C 3 Πu, are located in excitation energies of 6.2, 7.4, and 11.0 eV, respectively, and they each have their vibrational excited levels, 18 as shown in Fig. 3 . 13 These triplet states might be populated having relatively long lifetimes, because their deexcitations to the ground X 1 Σg state would be restricted due to intercombination transitions (from triplet to singlet) whereas optical transitions between the triplets, known as the first and second positive systems (see Fig. 3 ), occur to emit intense emission bands. 18 It is therefore considered that various optical transitions occurring between these triplet excited states could populate their vibrational levels, and that these vibrational levels having the corresponding internal energies could act as energy donors for colliding partners in the nitrogen MIP.
When oxygen is introduced into the nitrogen plasma, higher vibrational levels of nitrogen molecules would be easily de-excited through collisions with oxygen molecules because the dissociation energy of oxygen is only 5.1 eV 18 (see Fig. 3 ), thereby causing the dissociation of oxygen molecules predominantly, as depicted in the following reaction: N2* + O2 → N2 + O ( 3 P) + O ( 3 P).
This collisional reaction decreases the number density of the triplet excited states (their vibrational levels), whereas lower vibrational levels of the X 1 Σg ground state could be generally populated in the nitrogen-oxygen mixed gas MIP.
On the other hand, triplet excited states of molecular nitrogen would act as an energy donor, also in an ionization of iron atom introduced into the plasma, through Penning-type ionization in Eq. (3). Several of the triplet excited states (vibrational levels) have internal energies enough to ionize iron atom beyond the ionization potential of 7.9 eV 15 (see Fig. 3 ). These collisional reactions can promote an ionization of the iron atom, in addition to thermal ionization by energetic species, such as the reactions in Eqs. (1) and (2) . However, in the nitrogen-oxygen MIP, the number density of the triplet excited states becomes decreased compared to the pure nitrogen plasma, due to collisions with molecular oxygen, as depicted in Eq. (5). My previous studies have confirmed a decrease in their number densities from observation of the band spectra. 12, 13 As a result, the Penningtype ionization in the nitrogen-oxygen plasma would occur to a smaller degree than that in the pure nitrogen plasma, which eventually decreases the emission intensity of iron ionic lines when oxygen gas is added to the nitrogen plasma. On the contrary, the number density of neutral ion generally increases, and then the atomic lines could be excited more actively to elevate their emission intensities through any collision with various excited species, such as energetic electrons and higher vibrational levels of the X 1 Σg ground state.
Boltzmann plot of iron atomic lines in Okamoto-cavity MIP with pure nitrogen gas
A spectrochemical analysis was conducted regarding the Boltzmann distribution of atomic emission lines of iron, for the excitation phenomena in the Okamoto-cavity MIP to be discussed in more detail. Iron is the most suitable element for investigating the Boltzmann relationship because many Fe I emission lines, of which accurate transition probabilities can be cited from a spectral database, are found in a wide range of the excitation energy as well as in a narrow wavelength range. In this experiment, 40 emission lines of iron atom having excitation energies from 3.4 to 6.9 eV were chosen in the wavelength range of 368 -382 nm. The details are summarized in Table 2 , which also includes the transition probability for all of the Fe I lines. An energy level table complied by Suger and Corliss 15 was referred to for their assignments, and their transition probabilities were cited from a wavelength table published by Wiese et al. 19 These Fe I lines are classified into three groups: 3d 7 4p -3d 7 4s, 3d 6 4s4p -3d 7 4s (3d 6 4s 2 ), and 3d 6 4s4d -3d 6 4s4p optical transitions. Figure 4 shows a Boltzmann plot for the Fe I lines emitted from a pure nitrogen Okamoto-cavity MIP at a forward microwave power of 1.01 kW. Their emission intensities were estimated from triplicate measurements. Average values of the relative standard deviation were 2.9% for Fe I lines having excitation energies of 3.4 -4.8 eV, and 8.7% for Fe I lines of more than 5 eV. Error bars of the plots ranging from 3.4 to 4.8 eV were within the corresponding circle symbols due to their small variations. Several of the plots over 5 eV had each error bar having a relatively large value; however, they could be omitted in this graph because their intensity variations hardly changed the following discussions. The data points in an excitation energy range from 3.4 to 4.8 eV well followed a linear relationship with a negative slope whose correlation coefficient was -0.9978. Several Fe I lines having excitation energies of approximately 3.4 eV, such as Fe I 371.993 nm, which were originated from resonance transitions to the ground state of iron atom, were also on the linear relationship of the Boltzmann plot, implying that they might not suffer from selfabsorption.
It is clearly found in Fig. 4 that the excited levels of 3.4 -4.8 eV are populated according to Boltzmann statistics, implying that a dominant excitation process would control the population among their excited energy levels so that the plasma might be in a local thermodynamic equilibrium (LTE). The LTE condition generally results from frequent collisions with energetic particles to give their kinetic energies to other particles in the plasma, as typically indicated in Eqs. (1) and (2) . In this situation, one can define an excitation temperature that is principally determined by the average kinetic energy of the energetic particles. On the other hand, Boltzmann plots in excitation energies of more than 5 eV deviated from the straight line, and thus the data of these plots did not completely follow the Boltzmann statistics among the low-lying excited energy levels. It should be noted that, when the linear relationship on the lower energy side was extrapolated towards higher excitation energy as denoted with a dotted line in Fig. 4 , the data points over 5.6 eV appeared above the extrapolated straight line. This implies that most of these higher excited levels were overpopulated compared to expected values from the Boltzmann distribution. It can therefore be considered that, in addition to the thermal excitation, any additional excitation process would work especially for these high-lying excited levels. This should be a non-thermal excitation process by which their excited levels can be directly populated. As indicated in Eq. (3), a Penning-type excitation, in which excited nitrogen species collide with iron atom, could contribute to the ionization of iron atom and subsequent electron recombination with the iron ion followed by stepwise radiative de-excitations. 12, 13 This reaction is represented as follows:
where hν means light emission at a frequency of ν. Because higher excited levels just below the ionization limit are closely spaced and thus totally have longer lifetimes, the stepwise de-excitations as denoted in Eq. (6) could result in the overpopulation of these excited energy levels. This mechanism can be considered to be a probable reason why the Boltzmann plot as shown in Fig. 4 deviates upwards from a linear relationship on the higher excitation energy side. It is known that this effect can be observed predominantly in argon glow discharge plasmas, in which a Penning-type ionization with argon metastable atom occurs to a larger extent compared to the direct ionization by electron collision. [20] [21] [22] An excitation temperature was estimated from a slope of the linear part, the excitation energy of which ranged from 3.4 to 4.8 eV in the Boltzmann plot. Figure 5 shows variations in the excitation temperature as a function of the forward microwave power in the pure nitrogen Okamoto-cavity MIP. The correlation coefficient of each Boltzmann plot was measured as follows: -0.9978 at 0.95 kW, -0.9969 at 1.05 kW, -0.9971 at 1.15 kW, and -0.9961 at 1.25 kW when the microwave power was varied. All of the plots well followed linear relationships. Deviations of the excitation temperature were estimated from the average standard deviation of the intensity for the emission lines in the excitation range of 3.4 -4.2 eV. The excitation temperature including each error range was 4870 ± 140 K at 0.95 kW, 4940 ± 280 K at 1.05 kW, 5060 ± 240 K at 1.15 kW, and 5260 ± 180 K at 1.25 kW. The temperature was gradually elevated with increasing microwave power, which would be explained by increased kinetic energy of the particles in the plasma, such as energetic electrons and nitrogen molecules. This observation implies that the excitations to the low-lying energy levels of iron atom are principally caused by collisions with an exchange of kinetic energy, enabling the plasma to be in an LTE condition. Figure 6 shows a semi-log plot of an enhancement factor for several Fe I lines as a function of the excitation energy at a microwave power of 0.95 kW, where the factor is defined as a ratio of the observed intensity to the expected value fitted on the linear relationship in the Boltzmann plot (the dotted straight line in Fig. 4 ). Such a plot should have a linear relationship where the enhancement factors for all emission lines are unity, if their excitations fully follow a normal Boltzmann distribution by thermal excitations; therefore, a contribution of the non-thermal excitation for each energy level is roughly estimated with the enhancement factor. It was found in Fig. 6 that the enhancement factor became larger at higher excitation energies over 5 eV, implying that the corresponding excited levels were more overpopulated as closer to the ionization limit of iron atom. The plots in the energy range of more than 5 eV could be linearregressively computed to derive a straight line having a positive slope of 1.83, as drawn in Fig. 6 , although large variances were involved. This linear-regressive relationship also suggests that the main process would be caused through spontaneous and cascade de-excitations from higher excited levels, as denoted in Eq. (6) .
Boltzmann plot of iron atomic lines in nitrogen-oxygen mixed gas
Okamoto-cavity MIP Boltzmann plots for iron atomic lines were investigated when oxygen gas was added to a nitrogen Okamoto-cavity MIP. In this measurement, the flow rate of nitrogen gas and the forward power of microwave was fixed at 14.0 dm 3 /min and 1.02 kW, respectively, and the emission signal was observed at a plasma position of 20 mm above the front plate of the cavity. All of the Boltzmann plots were well fitted to each linear relationship in excitation energies of 3. oxygen gas led to a slight decrease in the excitation temperature; however, this change was very small. This result implies that excitations by energetic electron and nitrogen molecule (the distribution in their kinetic energies) would be less affected by the small amounts of oxygen added. On the other hand, plots of the enhancement factor, in the whole range of the excitation energies, are shown in Fig. 7 , when oxygen is added to the nitrogen plasma at flow rates of 0.0 or 1.2 dm 3 /min. In the case where the excitation energy exceeds approximately 5 eV, enhancement factors generally became reduced by the addition of oxygen. Figure 8 indicates a variation in slopes of the regressive lines, calculated under linear regression fitted to these plots, as a function of the flow rate of oxygen added. It indicates a decrease in the slope value. This result is probably due to a decreased contribution of the Penning-type collision with excited nitrogen species, whose number densities are reduced through collisions with oxygen molecules in the nitrogenoxygen plasma; 12, 13 thus, the step-wise de-excitations expressed in Eq. (6) occur less dominantly than in the pure nitrogen plasma. As a conclusion, the plasma characteristics of the MIP would become closer to an LTE condition when oxygen is gradually added to the nitrogen plasma, where an excitation temperature is meaningful over a wide range of the excitation energy. In such a case, the excitation temperature can be considered to be determined by the average kinetic energy of energetic particles in the plasma.
Conclusions
The excitation phenomenon of iron atomic lines, having a wide range of the excitation energy, was investigated when small amounts of oxygen gas were mixed with nitrogen matrix gas in the Okamoto-cavity MIP. The emission intensities of several atomic and ionic lines, having almost the same excitation energy as each other, were observed to estimate an ion-to-atom ratio of iron, indicating that the ratio decreased when adding oxygen to the nitrogen matrix gas and thus the ionization was reduced. This effect is derived from the fact that excited species of nitrogen molecule are consumed through collisions with oxygen molecules to cause their dissociation. As a result, Penning-type ionization by collisions with such excited species to ionize iron atoms is less activated in the nitrogen-oxygen plasma compared to the pure nitrogen plasma. Boltzmann plots of iron atomic lines provided interesting knowledge on the excitation mechanism of iron atom in the Okamoto-cavity MIP. The plots in excitation energies of 3.4 -4.8 eV well followed each linear relationship and therefore would be excited mainly by first-kind collisions with fast electrons and nitrogen molecules, whereas the plots in excitation energies of more than 5.5 eV appeared above the corresponding straight line.
They could be overpopulated by stepwise de-excitations from iron ions to high-lying excited levels of iron atom, the rates of which become slower as a whole, where the ionic species would be more populated by Penning-type ionization through collisions with excited nitrogen molecules. This overpopulation was observed to become less dominant with increasing the oxygen amount added to the nitrogen plasma, which was fairly understood by the fact that the number density of the excited nitrogen species was much reduced because they would act as energy donors in a dissociative reaction of oxygen molecules.
